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Stimulation of apical and basolateral vascular endothelial growth
factor-A and vascular endothelial growth factor-C secretion by
oxidative stressin polarized retinal pigment epithelial cells
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Purpose: To investigate whether oxidative stress modulates vascular endothelial growth factor (VEGF)-A and VEGF-C
expression and polarized secretion in a human retinal pigment epithelium cell line (ARPE-19).

Methods: Long-term culture of ARPE-19 cells in Dulbecco’s modified Eagle medium (DMEM)/F12 containing 1% fetal
bovine serum (FBS) on transwell filters (12 mm or 6 mm, pore sizen)4vas performed to produce polarized retinal
pigment epithelium (RPE) monolayers. The integrity of polarized monolayer was established by measurement of
transepithelial resistance (TER) and presence of tight junctions assessed by zonula occludens (ZO-1) and occludin expres-
sion and apical Na/K ATPase localization. Paracellular permeability was studied using radiolabeled mannitol. Confluent
cells were treated with tertiary butyl hydrogen peroxide (tBH) for varying durations (0-5 h) and doses (@0)}200
VEGF-A and -C expression was evaluated by western blot and quantitative RT-PCR, while secretion to the apical and
basolateral surfaces was quantitated by ELISA.

Results: Polarity of ARPE-19 cells was verified by the localization of tight junction proteins, ZO-1 and its binding partner
occludin by confocal microscopy as well as by localization of Na,K-ATPase at the apical surface. The TER in confluent
ARPE-19 cells averaged 482.1 Q. cn¥ and tBH treatment (0-5 h) did not alter TER significantly (46.9 Q. cnt;

p>0.05 versus controls) or ZO-1 expression. Whole cell mMRNA in nonpolarized ARPE-19 increased with tBH at 5 h both
for VEGF-A and VEGF-C and the increase was significant (p<0.05 vs controls). A similar, maximal increase at 5 h tBH
treatment was also observed for VEGF-A and VEGF-C cellular protein levels. The secretion of VEGF-A and VEGF-C in
nonpolarized ARPE showed an increase with tBH exposure. The levels of secretion of VEGF-A and -C were significantly
higher in polarized monolayers and were stimulated significantly with tBH at both apical and basolateral domains. The
secretion of VEGF-A increased with 160 of tBH treatment as a function of time (1-5 h) with maximal increases at5 h
from 410 to 2080 pg/FEells on the apical and 290 to 1680 p§kidlis on basolateral domains. The pattern of VEGF-C
secretion was similar. VEGF-A secretion was dose-dependent for the tBH range ofiB@-208 apical secretion tended

to be higher than basolateral secretion.

Conclusions: Our data show that oxidative stress to RPE from tBH upregulates secretion of both VEGF-A and C. The
secretion to the apical side was higher than that of basolateral side for VEGF-A and C. Given the role of VEGF in
choroidal neovascularization, these data may be of value in understanding pathogenic mechanisms and designing
antiangiogenic therapies.

Oxidative stress has been implicated as a possible in- Experimental evidence indicates that the RPE is a key
ducer of choroidal neovascularization complicating age-relateplayer in the pathogenesis of choroidal neovascularization
macular degeneration (AMD) which is mediated by(CNV), which occurs late during the course of AMD [3,4]. In
upregulation of several angiogenic growth factors. In AMD the course of CNV, RPE cells have been observed to encapsu-
the retinal pigment epithelium (RPE) is an early site of injuryJate the new vessels, with their basal side toward the endothe-
leading to visual loss [1]. The RPE performs critical visuallial cells, which coincides with the arrest of further vascular
maintenance functions including the degradation of shed phgrowth [4], suggesting that RPE also has a function in con-
toreceptor outer segments and lipid peroxidation [2]. Lipidrolling CNV. It has been well documented that ROS partici-
peroxidations trigger oxidative stress, generating high oxypate in decreased retinal blood circulation, increased vascular
gen tension and reactive oxygen species (ROS), which in tupermeability and disruption of the outer blood-retinal barrier
play a role in the progression to AMD [1]. [5,6]. Polarized RPE in the intact monolayer as well as
nonpolarized RPE that have migrated from the monolayer into
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disruption of blood-retinal barrier, and neovascularization irtransport, polarized protein expression/secretion, [27,28] and
models of diabetic retinopathy [5,6,8]. barrier breakdown [29]. The apical side of the ARPE-19 cells

In the human retina, the VEGF family of cytokines is cru-represents the retina-facing domain of the RPE monolayer,
cial for its maintenance functions and its dysfunctions [9]whereas the basolateral side of the ARPE-19 cells represents
VEGF-A is a prototype of directly acting angiogenic factors,the choroid-facing side of the monolayer.
because it is secreted in a biologically active form and its re- The aim of this study was to determine the rates of secre-
ceptors are found at sites of angiogenesis. In conjunction wition of VEGF-A and VEGF-C in polarized ARPE-19 cells and
several antiparallel disulfide-linked homodimeric isoformsto examine whether oxidative stress causes selective changes
(121, 145, 165, 189, 206 amino acids), five additional memin their vectorial secretion.
bers (VEGF-B, C, D, E, and PIGF) of the VEGF family have
been documented [10-12]. In resting RPE, VEGF-A is ex- METHODS
pressed at low levels, while under pathological conditions sudiaterials: ARPE-19 cells were obtained from American Type
as CNV, it triggers angiogenesis and increased vascular pe&ulture Collection (Manassas, VA) and used between passages
meability. In many different cell systems, the upregulation 022 and 25. Tissue culture-treated polyester transwells (6.5 mm
VEGF-A gene expression due to oxidants such.@ &hdt- ~ or 12 mm in outer diameter and Quh in pore size) were
butylhydroperoxide (tBH), cyclic AMP (cCAMP) analogs, tu- purchased from Costar (Corning, NY). Dulbecco’s modified
mor necrosis factos- (TNF-o), transforming growth factgs-  Eagle medium (DMEM) and Ham'’s F-12 medium were from
(TGF), cobalt, interleukin-f (IL-18) and hypoxia is well Mediatech (Herndon, VA). Mouse laminin was from BD Bio-
documented [13-16]. VEGF-A, when secreted, can functiosciences (Bedford, MA). Other cell culture reagents and sup-
in an autocrine and a paracrine manner to regulate angiogeplies were obtained from Life Technologies (Grand Island,
esis [15,17]. NY).

VEGF-C is one of the most potent directly acting Preparation of filter ARPE-19 monolayer cultures. Cul-
lymphangiogenic factors belonging to the VEGF family [18].tures of ARPE-19 cells were trypsinized and resuspended in
It was first discovered and identified as a ligand of flt-4 (orDMEM/F12 supplemented with 100 U/mL penicillin-strepto-
VEGFR-3) expressed on lymphatic endothelium in adult skimycin, 2 mM L-glutamine, and 1% FBS. Approximately
and vascular tumors [19]. By activating fms-related tyrosind.7x10 cells/cn? were seeded in individual laminin-coated
kinase 4 (flt-4), VEGF-C induces proliferation of lymphatic transwell filters in 0.5 ml (0.4m pore size, 6.5 mm or 12 mm
endothelial cells in vitro [19] and lymphangiogenesis in vivodiameter). At the basal compartment, 1 ml medium was added,
[20]. Animal experimentation has shown that overexpressiothereby leveling the height of the liquid to prevent hydrostatic
of VEGF-C in the skin of transgenic mice could result in propressure. The medium was changed twice a week. Cells were
liferation and enlargement of lymphatic endothelium, but notultured for at least a month to form differentiated monolay-
of vascular endothelium. While most of the literature on VEGFers, with the apical domain corresponding to the retinal facing
C relate to lymphangiogenesis, one report implicating a rolside of the RPE monolayer and the basolateral domain corre-
for VEGF-C in ocular angiogenesis has appeared recently [21§ponding to the choroidal facing side of the RPE monolayer

Epithelial cells possess a highly polarized structure, whicf6,27,30].
helps them perform an array of functions, one of which isthe Measurement of transepithelial resistance:
polarized transport and secretion of proteins into apical ofransepithelial resistance (TER) of ARPE-19 monolayers on
basolateral compartments [22]. The tight junction forms a patranswells was measured with an EVOM epithelial tissue
tially occluding seal that retards diffusion of solutes acrossoltohmmeter (World Precision Instruments, Sarasota, FL).
the paracellular space [23], and this barrier function of théll TER measurements were made in a cell culture hood within
tight junction enables the monolayer to establish and mair8 min of removal of transwells from the incubator, and the
tain concentration gradients between its apical and basal eaverage temperature at the time of measurement was 352
vironments. Functional characteristics usually used to asse¥s. Net TER measurements were calculated by subtracting
tight junction function barrier include electric resistance andhe value of a blank, laminin-coated filter without cells from
charge and size of molecules permitted to cross the intercelltihe experimental value. Final resistance-area prod2ctsif)
lar space [24]. The junction-specific protein, ZO-1 is a pewere obtained by multiplication with the effective growth area.
ripheral membrane protein bound on the cytoplasmic surfaddeasurements of TER were made once a week and on the day
of junctional contacts and is expressed in all tight junctionsf the experiment. Confluent ARPE-19 cells grown in transwell
[25]. filter inserts were treated with 15M tBH for 1, 2, 3, 4, and

Appropriate RPE function relies highly on the mainte-5 h and measurements of TER were made at hourly intervals.
nance of its polarity. However, primary cultures generally failCells in the medium that were not exposed to tBH served as
to preserve many of the phenotypic characteristics, which ae®ntrols. In each independent experiment, 3-6 filters were used
exhibited by RPE in vivo. So we selected ARPE-19, whiclper time point.
forms polarized monolayers after prolonged culture on per-  Characterization of tight junctions. The morphologic
meable support at low serum conditions [26]. The ARPE-1@xtent of polarization was visualized by immunolocalization
model of polarized RPE has been used in studies of polarized the tight-junction-associated proteins ZO-1 and occludin
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and apical localization of Na/K ATPase. ARPE-19 monolay+tent was quantified with a protein assay (Bio-Rad, Richmond,
ers grown on transwell filters were fixed in ice-cold methanolCA,) with bovine serum albumin (BSA) standard. Equal
or 2% paraformaldehyde followed by three washes in phosmounts of protein were resolved on Tris-HCI polyacrylamide
phate buffered saline (PBS) and subsequently permeabilizggls under reducing conditions (120 V, Ready Gel; Bio-Rad,
with 0.1% Triton-X 100 for 30 min. Specimens were blockedHercules, CA, USA) and transferred to PVDF blotting mem-
in 5% rabbit or goat serum before incubating with ZO-1 rabbranes (Millipore, Bedford, MA). For detection of protein
bit polyclonal antibody in (1:100 dilution, Zymed, Carlsbad,expression, membranes were probed with rabbit polyclonal
CA), rabbit polyclonal anti-occludin (1:100, Zymed) and anti-VEGF-A (1:300 dilution, Santa Cruz Biotechnology, CA)
monoclonal antibody of anti-Na/K ATPaseud/ml, Upstate, and VEGF-C antibody (1:200 dilution), overnight at@.
Lake Placid, NY) at 4C overnight. The cells were washed Recombinant VEGF-A (R &D Systems, Minneapolis, MN)
three times, and incubated with FITC conjugated anti-rabbiénd homogenates of RAW 264.7 cells (Santa Cruz Biotech-
secondary antibody (Jackson Labs, West Grove, PA) for 1 h ablogy, CA) were used as positive controls for VEGF-A and
room temperature. Cells were mounted with fluorescent me/EGF-C, respectively. After incubation for 1 h at room tem-
dium containing DAPI (Vector Laboratories, Burlingame, CA) perature with the corresponding secondary antibody tagged
and viewed on an LSM 510 laser-scanning microscope (Cawith horseradish peroxidase, signals were detected by the
Zeiss, Thornwood, NY). After the immunostaining procedurechemiluminescence system (Amersham Pharmacia Biotech,
membranes were removed from the inserts with a fine, shar@leveland, OH).
sterile razor by inserting it at one side of the filter and then  Measurement of VEGF-A and -C secretion from polar-
gently moving it around the filter. ized ARPE monolayers: Experiments on VEGF-A and VEGF-
Paracellular permeability of ARPE-19 cells: The per-  C secretion were conducted in transwell filters with confluent
meability of the ARPE-19 monolayer was assessed by me&RPE-19 cell monolayers. The filters were incubated either
suring the apical to basolateral and basolateral to apical moweith medium (DMEM/F12) alone or with varying doses of
ments of [3H] mannitol. The experiment was initiated by re<tBH (50:200uM) for 5 h. Time dependency experiments were
placing the apical or basal medium with fresh medium conperformed with 15@M tBH over 5 h in culture medium. All
taining 0.1uM (1.7 uCi/ml) [3H] mannitol. One-tenth of the experiments were performed in duplicate simultaneously and
total volume of the medium at the receiving chamber wasach experiment was repeated 3-4 times on different days. At
sampled for radioactivity quantification at different time in-the end of the experiment, medium from the apical and
tervals up to 3 h. Radioactivity was quantified by countingoasolateral compartments were collected, and concentrated
aliquots in a liquid scintillation counter. Paracellular permethrough centrifugal filter devices (Millipore) to a final vol-
ability was measured by subtracting the contribution fronume of 50ul and stored at -80C until further analysis. In
laminin coated from the total permeability and is expressed asitial studies the effect of tBH on gene and protein expres-
ul/cm?min. sion of VEGF-A and VEGF-C was examined using confluent,
Quantitative real-time polymerase chain reaction: Totd nonpolarized ARPE-19 cells in six well plates. Secretion stud-
RNA was isolated from cells using TRIzol, (Invitrogen Life ies were also carried out in confluent, nonpolarized ARPE-19
Technologies, Carlsbad, CA), and the contaminating genomiells in six well plates treated with varying doses of tBH.
DNAwas removed (DNA-free, Ambion, Austin, TX). Reverse VEGF-A and VEGF-C release to the apical and basolateral
transcription was performed with ig RNA as per the sides of the differentiated ARPE-19 cells and VEGF concen-
manufacturer’s protocol (Reverse Transcription Systemtration from nonpolarized ARPE-19 cell lysates were assayed
Promega, Madison, WI). The PCR experiments were pelby enzyme-linked immunosorbant assay (ELISA; R&D Sys-
formed using SYBR green as the interaction agent (Rochtems, Minneapolis, MN for VEGF-A; IBL Co., Takasaki-Shi,
Diagnostics, Indianapolis, IN). Each 20 PCR contained Japan for VEGF-C), according to the manufacturer’s instruc-
cDNA template, SYBR Green PCR master mix, andud/5 tions. Data derived from the standard curves were expressed
each gene-specific primer. Quantification analysis of VEGFas pg/10cells.
A and VEGF-C mRNA was normalized usifieactin as ref- Dataanalysis. All experiments were performed in dupli-
erence. The specificity of PCR amplification products wasate simultaneously and each experiment was repeated 3-4
checked by performing dissociation melting curve analysisimes on different days and avera§&M was calculated. Data
The sequences of primers used for VEGF-A were as followsvere analyzed using ANOVA followed by t-test. p<0.05 was
forward-5-CTACCT CCACCATGC CAAGTG-3', reverse- considered significant.
5'-TGC GCT GAT AGA CAT CCATGA-3"and VEGF-C for-
ward-5'-CTG CCG ATG CAT GTC TAAACT G-3'; reverse- RESULTS
5-TCTTGTTCG CTG CCT GAC ACT-3". Relative multiples Characterization of ARPE-19 cells on transwell filters:
of change in mMRNA expression was determined by calculaFhe development of a polarized ARPE-19 monolayer was es-
tion of 2T, Results are reported as meaSEM) difference  tablished by immunofluorescent localization of ZO-1 in cul-
in relative multiples of change in mRNA expression. tures of one month and older. As shown in Figure 1A, the
Western blot analysis: Protein from ARPE-19 cells was ex- intercellular assemblage outlining each cell was positively
tracted from cells using standard methods, and protein costained for ZO-1. To determine whether oxidative stress af-
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fects the integrity of tight junctions, we treated cultures withrshowed that the Papp of mannitol from A-B was 8885
150uM tBH for 5 h and stained for ZO-1. We did not observeul/cm?min. The Papp from B-A was 0.80.04 ul/cm?min,

any noticeable change in the ZO-1 staining patterns as corand the values of Papp compare well with 0.25 andud.5
pared to the untreated controls (Figure 1B). c¥/min reported by others [31,32]. There was no significant

To further establish that our system is a monolayer andifference in the paracellular permeability of mannitol from
exhibits polarity, we stained also for the tight junction-form-the two membrane domains.
ing protein occludin as well as the apical marker enzyme Nat
K ATPase. As expected, we observed intact staining of th A
tight junction protein occludin, similar to ZO-1 staining pat- '
tern (Figure 2A). As evident from Figure 2B, Na/K ATPase A8 \\
was localized to the apical plasma membrane of the ARPE-] / 1
cells as shown in the confocal vertical (X-Z) section (Figure
2C).

Paracellular permeability: To establish barrier function
and to ensure discontinuity between apical and basolater
compartments, we used radiolabeled mannitol to measu
paracellular diffusion across the monolayer. These studie

Apical

Basal

Figure 2. Evidence for tight junctions and polarity in ARPE-19 cells
cultured on transwell filters for four weeks. Details of staining pro-
Figure 1. Expression of ZO-1 in polarized ARPE-19 cells grown incedure are provided in Methods: Immunofluorescence of tight
transwell filters in 1% fetal bovine serum containing medium. Cellgunctions visualized by occludin staining in ARPE-19 cdlsim-
were fixed in 2% paraformaldehyde, blocked in normal goat serummunofluorescence with Na/K ATPase showed that it was mainly lo-
and incubated with anti-zonula occludens (ZO-1) antibody overnightalized on the apical plasma membrane of the dgliConfocal

at 4°C and mounted with DAPA: Control, untreated celB: Cells  vertical (X-Z) section of Na/KATPase staining showing apical lo-
treated with 15QM t-butylhydroperoxide for 5 h. calization.
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Effect of tBH on tight junction integrity: Weekly mea- was 1.8 fold as that of control (Figure 5A). The VEGF-C pro-
surements of TER were made in cultured ARPE-19 cells mairtein level showed a time-dependent increase, and this increase
tained in 1% FBS up to one month. The resistance showedaas 1.5 and 2.1 fold higher than controls (p<0.05) at 4 h and 5
gradual increase with time and began to plateau in one mont.of tBH treatment, respectively (Figure 5B).

The TER values in ARPE-19 monolayers, maintained for one In separate experiments, we also determined VEGF-A
month in 1% FBS-containing medium, averaged 44.5Q.  concentration in nonpolarized ARPE-19 cells and the effect
cm? (mearSEM, n=60). The TER measurements were als@f 150uM tBH treatment as a function of time using ELISA
made in ARPE-19 cells exposed to 180 tBH. The data on analysis. Similar to the western blot analysis data, the cellular
the effect of tBH treatment on TER as a function of time forconcentration of VEGF-A increased with time of tBH expo-
up to 5 h is shown in Figure 3. Exposure of ARPE-19 irsure. The mean VEGF-A concentrations (p§/d€lls) by
transwell filters to 15@M tBH did not cause any significant ELISA analysis were 164.7 (untreated control), (1 h)
difference (p>0.05) in TER versus untreated controls for an27.8:2.7, (2 h) 62.29.3, (3 h) 69.£6.9, (4 h) 12819.2, and

of the time points (Figure 3). The values in ARPE-19 cellg5 h) 168.625.2, respectively. Thus an approximately ten fold
after 5 h tBH treatment showed a slight decrease (<10%) atiBcrease in VEGF-A levels were found at 5 h tBH treatment

h as compared to untreated controls. when compared to untreated, zero time controls.
VEGF expression in nonpolarized ARPE-19 cells and ef- VEGF secretion in nonpolarized ARPE-19 cells and ef-

fect of tBH: Figure 4 shows the effect of 15M tBH on  fect of tBH: Release of VEGF-A and VEGF-C from non-po-
VEGF-A mRNA (Figure 4A) and protein in cellular larized, confluent ARPE-19 cells and the effect of tBH was
homogenates (Figure 4B) as a function of time. As comparedetermined in initial experiments. Figure 6 shows the secre-
to controls, tBH caused a linear increase in gene expressition in pg/10 cells of VEGF-A and C after 5 h treatment with
with the highest significant increase (about eight fold) at 5 tBH. Untreated RPE cells secreted:84 pg/16 cells and
VEGF-A protein expression also showed a significant increas&l 7+24 pg/10 cells of VEGF-A and VEGF-C, respectively.
with tBH treatment at 4 and 5 h, which was 2 and 2.4 foldBH treatment caused a significant (p<0.05 versus control)
higher (p<0.05 versus untreated controls), respectively (Figncrease in VEGF-A secretion at 5 h (Figure 6A). On the other
ure 4B). hand, tBH treatment caused a slight increase in VEGF-C se-
The corresponding changes in VEGF-C mRNA and proeretion up to 5 h but the increase was not significantly differ-
tein are shown in Figure 5A,B. Unlike VEGF-A, levels of ent from that of untreated controls (Figure 6B).
VEGF-C mRNA after tBH treatment were not significantly
higher than controls except at 5 h at which time the increas p
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Figure 3. Effect of t-butylhydroperoxide treatment on transepitheliaFigure 4. Effect of t-butylhydroperoxide on vascular endothelial
resistance in polarized ARPE-19 monolayers. ARPE-19 cells wergrowth factor-A gene and protein expression in ARPE-19 cells. Ef-
treated with 15@M tBH for varying times up to 5 h and TER was fect of t-butylhydroperoxide treatment on expression of vascular en-
measured at indicated time points in t-butylhydroperoxide-treatedothelial growth factor-A (VEGF-A) mRNAX) and proteinB) in
ARPE and non-treated controls. Data are m8&M (n=4). The TER  confluent, nonpolarized ARPE-19 cells. The mRNA and protein were
values corrected for blank showed a slight decline with increasingnalyzed by realtime PCR and immunoblot analysis, respectively,
time of exposure in the untreated control and tBH group, which wathe latter under reducing condition. Data are ra&&M from three

not statistically significant compared to the corresponding controlsexperiments. tBH treatment caused a linear increase in gene expres-
The grand mean TER from a number of experiments was4.8.5 sion with a maximum increase at 5 h. Asterisk indicates p<0.05 ver-
Q. cn? (n=60) in untreated controls and 44157 Q. cn? (n=40) from  sus control. Recombinant VEGF-A was used as a positive control to
tBH-treated ARPE cells. identify the VEGF-A band in the western blot.
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Effect of tBH on VEGF-A in polarized ARPE-19 cells: pendency of secretion, and these data are presented in Figure
The amounts of VEGF-A and VEGF-C (data not shown) se8. In these studies, the basolateral secretion of VEGF-A was
creted by untreated polarized ARPE-19 cells (Figure 7) werknear, although the absolute levels of secretion tended to be
5 and 9 fold higher (p<0.01) than the secretion by untreatddwer than that of apical VEGF-A secretion during the entire
non-polarized ARPE-19 cells grown to confluence (see Figtime course. Figure 8 also shows the rates of secretion in the
ure 6), suggesting that polarization stimulates secretion in RP&pical and basolateral direction of ARPE cells, which were
Both VEGF-A and C were secreted from apical and basolaterabt treated with tBH. While VEGF-A secretion was found in
surfaces. However, secretion from the apical side was signifiboth apical and basolateral sides in untreated cells, this secre-
cantly (p<0.01) higher than that from the basolateral domaition was much lower than that with tBH treatment. VEGF-A
at 50 and 10@M tBH treatment. Figure 7 shows the dose-secretion in untreated cells did not exceed 12% of the secre-
dependentincrease in secretion of VEGF-Awith tBH in ARPE#tion to apical and 17% of secretion to basolateral domain of
19 transwell filters. Doses in the range of#0-200uM were  tBH-treated cells at 5 h (Figure 8).
used in these experiments and the exposure time was 5 h. The Effect of tBH on VEGF-C secretion in polarized ARPE-
baseline secretion of VEGF-A in confluent untreated control9 cells: Based on data derived from the aforedescribed se-
RPE cells was 870 pg/4€ells for apical and 602 pg/i€ells  cretion studies with VEGF-A, we chose a dose of isD
for the basolateral sides. The secretion increased with doset®&H for 5 h duration in time-course studies of VEGF-C secre-
tBH for both apical and basolateral sides with a maximal intion. As found for VEGF-A secretion, 15M tBH caused a
crease of 63% and 125%, respectively (Figure 7). The mea#r
secretion of VEGF-A to the apical side was larger thar
basolateral secretion for the dose range 50¢IM0and the

; 180~
apical secretory rate for 200/ tBH. We used a constant dose 2 160 #
of 150uM tBH in our experiments to examine the time de- §140

2 140+
2120—
1004
A S
T 804
2.5 7]
2 60
" I a0
3 8 20_
& >
g 1 5, G 1 I
£ control 50uM 100uM 150uM
g tBH Treatment
S 4] B
2 1807
805 %8’150-
2, 1404
o 3120

control

{BH Treatment | £ 1007

§ 804

3 60~
w

B control 1h 2h  3h  4h  5h O 40-
3 . '

: \WEGF-C & 201

0

— control 50uM 100uM 150uM
— — — — — AP DH tBH Treatment

ratio 1.00 1.05 1.10 1.15 1.52 212

Figure 6. Effect of t-butylhydroperoxide on vascular endothelial
Figure 5. Effect of t-butylhydroperoxide on vascular endothelialgrowth factor-A and vascular endothelial growth factor-C secretion
growth factor-C gene and protein expression in ARPE-19 cells. Efrom ARPE-19 cells.A: Secretion of vascular endothelial growth
fect of t-butylhydroperoxide treatment on vascular endothelial growtffiactor-A (VEGF-A) in confluent control ARPE-19 cells and cells
factor-C (VEGF-C) mRNA A) and protein B) expression in treated with varying doses of tBH for 5 h. Asterisk indicates VEGF-
confluent non-polarized ARPE-19 cells. Data are m&&M from A secretion at 5 h with 150M t-butylhydroperoxide (tBH) was sig-
three experiments. Experimental conditions are the same as in Figificantly (p<0.05) higher than the untreated controls. Data are
ure 4. At the 5 h time point, mRNA for t-butylhydroperoxide treatedmear-SEM (n= 4/time point in each grouf®: Secretion of VEGF-
cells shows a significant 1.87 fold increase over the control. Asteris€ in confluent control ARPE-19 cells and cells treated with varying
indicates p<0.05 versus control. RAW 264.7 cells were used asdoses of tBH for 5 h. VEGF-C secretion after 5 h tBH treatment with
positive control to identify the VEGF-C band in the western blotvarying doses was not significantly different from the untreated con-
analysis in Figure 4B. trols. Data are meaSEM (n=4/time point in each group).
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time-dependent increase in apical and basolateral VEGF-garacellular changes by,@, in porcine-brain-derived endot-
secretion with the highest secretion found at 5 h (Figure elial cells correlated with changes in the junction proteins
However, the total amount of VEGF-C secreted by ARPE-1935]. The discrepancy in results between the earlier studies
cells was significantly lower than that of VEGF-A (see Figureand our present study may arise from the high doses of oxida-
8). Furthermore, the secretion at 5 h for the basolateral sidize agents used or prolonged treatment period or difference
was significantly lower than that of apical secretion. We couldn cell types in earlier reports. We used less severe stress and
not accurately determine the secretory rate of VEGF-C in urfer a short time-conditions that did not significantly affect cell
treated polarized ARPE-19 monolayer because of the low lewdability. In favor of this view, Alizadeh et al. [36] reported
els and limitation of sensitivity of our ELISA assay for VEGF- that polarized ARPE cells were viable at different tBH con-
C measurement. centrations (5QM-3 mM) treatment for 30 min, whereag®j
(50 uM-3 mM) treatment caused significant loss of cell vi-
DISCUSSION ability at doses higher than 30M.

Wehave studied the effect of oxidative stress on the secretion VEGF is implicated as a pro-angiogenic factor stimulat-
of A and C isoforms of VEGF in ARPE-19 cells. The ARPE-ing neovascularization in AMD and an important source is
19 monolayers in transwell filters exhibited a highly polar-likely to be the RPE [37]. VEGF expression by RPE is a fea-
ized phenotype as evidenced by their TER, ZO-1 and occludinre of tissues excised from human eyes showing AMD-re-
expression and apical localization of Na/K ATPase. In théated CNV [7,38]. The relationship between VEGF and CNV
polarized ARPE-19 model, VEGF-A secretion was promi-is also exemplified by studies showing that overproduction of
nently stimulated on exposure to tBH. The increase in secr&EGF by RPE cells, as a result of adenovirus-mediated trans-
tion was higher on the apical than the basolateral side fatuction or expression in transgenic mice, leads to new blood
VEGF-A and -C. Our study also showed for the first time, thavessel growth [39,40]. VEGF has been implicated as a media-
VEGF-C secretion was upregulated by oxidative stress in @r of intraocular neovascularization and its expression is tem-
time-dependent fashion. porally and spatially correlated with the development of new

The functional validity of the cultured cell model dependspreretinal vessels [41]. While most studies on VEGF refer to
on its potential to exhibit in vivo features. Our data revealeWEGF-A isoform, information on VEGF-C expression and to
some of the functional properties exhibited by in vivo sys+ole in the retina is scarce. One isolated report suggests that
tems, such as ZO-1 and occludin staining at the tight jundellowing 24 h hypoxia, VEGF-C increased 3 fold in the mouse
tions and apical localization of NA/K ATPase, were found inretina, suggesting a role in retinal ischemia [42]. VEGF-C in-
the ARPE-19 cells and were consistent with previous findingduces angiogenesis in the context of tissue ischemia [43].
[31-33]. These features correlated with decreased paracellulRecently, Ikeda et al. [21] detected VEGF-C and VEGF-D
permeability of mannitol in our study as in previous studies ifproteins in the aqueous humor and vitreous fluid of patients,
which paracellular permeability decreased with the maturasuggesting a possible role for them in ocular angiogenesis.
tion of RPE [33,34]. Oxidant injury is a potent stimulus for VEGF expression

In our study, ZO-1 expression pattern remained unalterefd4]. A decrease in cellular antioxidant ability or increase in
with tBH treatment of polarized cells. Exposure of ARPE-1%xidative insults can induce oxidative stress. We found treat-
cells to 0.5 or 2 mM KO, for 24 h was shown to cause an ment of confluent, but nonpolarized, ARPE-19 cells with dif-
increase in transepithelial flux across the RPE monolayer from
disruption of tight junction proteins [33]. In another study,
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Figure 8. Time-dependent secretion of vascular endothelial growth
Figure 7. Dose-dependent effect of t-butylhydroperoxide treatmerfactor-A in polarized ARPE-19 monolayers after 1501 t-
on apical and basolateral secretion of vascular endothelial growthutylhydroperoxide treatment. Apical and basolateral vascular en-
factor-A in polarized ARPE-19 monolayers. Secretion at 5 h treatdothelial growth factor-A (VEGF-A) secretion increased as a func-
ment with t-butylhydroperoxide of vascular endothelial growth fac-tion of time of tBH treatment with maximal increase at 5 h (p<0.05
tor-A (VEGF-A) was significantly higher (p<0.05) versus the un-versus controls). Figure also shows VEGF-A secretion in untreated
treated controls. Processing of cells for VEGF secretion and calculaentrols on the apical (dotted line) and basolateral (open circles).
tions are given in Methods. Data are meBBEM (n=4). Data are meaSEM from 3-4-determinations/time point.
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ferent doses of tBH increased VEGF-A significantly over conlate VEGF production [54], the present study revealed that
trol untreated cells. This data was similar to previous findingacute oxidant injury also induced its production in polarized
in ARPE-19 treated with 4-hydroxynonenal [45]. StimulationARPE-19 cells. Our study showed that polarized ARPE-19
of VEGF-A secretion with oxidative stress, hypoxia, and incells secrete VEGF-A and C preferentially to their apical (retina
diseases such as diabetic retinopathy and AMD [41,46,47] héacing) side, observations in agreement with Marmorstein et
also been reported. We recently reported that in human RREE [58] in RPE-J cells and Slomiany and Rosenzweig [59] in
cells oxidative stress caused by glutathione depletion stimib407 cells. On the contrary, it has also been reported that
lated VEGF secretion and increased expression of its receldEGF-A secretion is mainly basolateral and increases 1.3-1.5
tors [48]. fold during hypoxic conditions [60]. This disparity in results
Differentiated ARPE cells produce more ROS whencould be due to the type of cell lines used or due to simple
treated with tBH than }0, [36]. It is likely that ROS gener- diffusion from the basolateral compartment to apical side,
ated from tBH exposure may contribute to increased VEGmhich is likely to occur as a result of the difference in medium
secretion although whether tBH and ROS activate other facolume. In contrast, the high apical secretion of VEGF-A and
tors is not fully understood. A recent study revealed th@t H C in the present study using ARPE-19 and in previous studies
treatment enhances VEGF through upregulation of hypoxig58,59] resulted in VEGF accumulating against the diffusion
inducible factor-1 (HIF-1) expression [49]. Furthermore,gradient. The preferentially apical secretion of VEGF by RPE
cytokines, such as insulin-like growth factor-1 (IGF-1), arecells into the subretinal space though at first seems at odds
also known to stimulate VEGF secretion via HIF-1-depenwith the progression of CNV, given that the tight junctional
dent and -independent pathways [50]. Data on VEGF synthéarrier should inhibit the diffusion of VEGF to the choroid.
sis and secretion in the present study were collected from RRbwever, apical secretion of VEGF would promote a VEGF
cells after short term (eg 5 h) exposure to tBH. The ten foldradient that is highest in the subretinal space thereby pro-
increase in intracellular expression of VEGF found by ELISAmoting the growth of CNV through breaks in Bruch’'s mem-
at 5 h suggested that evaluation of later time points woulbrane and the RPE monolayer into the subretinal space to form
show even greater levels of VEGF secretion. Such studiedassic CNV. Increased apical secretion may also provide a
would need to be performed at lower tBH concentrations tbeneficial neuroprotective effect; VEGF has been shown to
avoid cytotoxicity. Additional work will be needed to evalu- possess neurotrophic, neuroprotective, as well as angiogenic
ate the effects of chronic oxidant exposure and to delineaf@operties [61]. It was suggested that apically secreted VEGF
the specific pathways involved in tBH-induced VEGF secreprovides the driving signal for CNV development [59]. As a
tion in our model system [51]. support to this view, CNV was found to develop in a mouse
Studies have previously demonstrated that cultured huransgenic model where VEGF was overexpressed in RPE cells
man RPE cells secrete VEGF [52,53]. The RPE is a majdB9]. Spilsbury et al. [40] found that recombinant adenoviral
source of angiogenic and antiangiogenic factors, andene delivery of VEGF, specifically targeting the RPE, led to
dysregulation of the balance between them contributes to tl&NV in the rat. It has been reported that the slow release of
modulation and progression of retinal vascular disease, incluthioactive VEGF protein from pellets implanted between the
ing CNV [54,55]. The RPE and surrounding subretinal memehoroid and sclera do not result in CNV [62] or vascular leak-
branes of CNV-afflicted retinas express high levels of VEGFage, suggesting that the development of CNV requires VEGF
and its receptor [56,57]. Although rather different factors reguto be secreted from the RPE toward the inner choroid in which
high levels of VEGF receptors have been found. Since VEGF
may induce changes in tight junction structure and function in

% 1000- RPE, paracellular diffusion of VEGF toward the choroid may
g —+ Apical —=Basolateral N also contribute to neovasculari;ation. This may explain the
S, 800 lower basolateral VEGF secretion that was observed. Low
£ 500! basolateral levels of VEGF may be required for physiological
5 maintenance of the choriocapillaris.

g 400- Our results also demonstrated that VEGF-C is expressed
2 in ARPE-19 cells, and oxidative stress induced by tBH stimu-
8 2007 . — lates VEGF-C secretion in nonpolarized RPE. Further, our
Q0 : : : - studies using ARPE-19 in transwell filters showed for the first
> Oh 1h 2h 3h 4h 5h time that VEGF-C is secreted to both apical and basolateral

150 pM tBH treatment sides. Treatment with tBH stimulated secretion of VEGF-C to

Figure 9. Time-dependent apical and basolateral vascular endot %PICEU and basolateral sides, the seqretlon t9 apical side being
lial growth factor-C secretion by polarized ARPE-19 cells treated!'9N€r than that of basolateral. An interesting postulate has
with 150 uM t-butylhydroperoxide for 5 h. Data are meSEM  been proposed recently in which VEGF-A has an important
(n=4/time point). Vascular endothelial growth factor-C (VEGF-C)role in the regulation of VEGF-C expression in the RPE and
secretion in basolateral side was significantly lower (p<0.05) as conthe interaction of VEGF-A with VEGF-C was suggested to
pared to vascular endothelial growth factor-A secretion. play a role in the pathology of CNV [63].
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In conclusion, we have shown that oxidative stress causes
increased secretion of VEGF-A and VEGF-C in ARPE-19 cells

with higher secretion to the apical domain as compared to tHe:

basolateral domain. The significance of this finding with rela-
tion to devising therapeutic strategies for preventing
neovascularization remains to be further explored.
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